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Space Shuttle STS-107 Columbia

This report summarizes the results of the analysis, design, production, and performance of External Tank (ET-93), performed
by the External Tank (ET) Working Group (ETWG), as part of the STS-107 Columbia Accident Investigation.
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Section 1 Purpose

This report summarizes the results of the analysis, design, production, and
performance of External Tank (ET-93), performed by the External Tank (ET)
Working Group (ETWG), as part of STS-107 Columbia Accident Investigation.

Section 2 Signature Page

We certify that the information contained herein is true to the best of our
knowledge and represents the completion of the investigation and reporting
process for the External Tank Working Group supporting the STS-107 Columbia
Accident Investigation.

External Tank Working Group Final Report

Approved by

Paul M. Munafo, Chair Wanda Sigur, Chair
National Aeronautics and Space Lockheed Martin (LM) ETWG
Administration (NASA) ETWG
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Section 4 Executive Summary

The principal External Tank contributor to the loss of STS-107 is potentially
detrimental debris, in the form of foam loss in the bipod area. The mechanism for
bipod debris is the interaction (linking) of manufacturing defects, brought about
by the complex launch environment, ultimately resulting in liberation of foam.
Critical defects include: linear internal voids, attributable to foam curing
mechanisms over complex contours (“rollovers”); weak knit lines between layers
of foam; voids; and/or delaminations.

The ETWG process involved five complementary elements:
- A Fault Tree was developed to assure a systematic review of the entire ET.

- 3470 Fault Tree blocks were dispositioned, assessing debris and interface
issues on the entire vehicle.

- Of the 3470 blocks, 142 were determined to be “possible events.”

- After thorough review of all critical portions of the tank, and in
consideration of the findings documented by the other Shuttle Element
Working Groups, the only significant anomaly was the event observed at
approximately 82 sec after launch: foam loss in or near the left hand
forward bipod ramp.

- Six Fault Tree blocks were identified as likely contributors to release of
major debris from the left hand forward bipod ramp area. The categories
of contributing elements follow:

Design verification and process validation did not account for all TPS

material and processing variability or adequately address all failure

modes.

Quality Control (QC) verification of the manual spray application

process did not preclude the existence of TPS defects that could cause

release of debris.

Available acceptance testing/inspection techniques were not capable

of detecting adverse “as-built” features, which could compromise TPS

integrity.

Independent of the preceding elements, an undetected/unknown

anomaly may have been present in the fabricated components.
Consultation with outside experts was utilized to provide an independent
assessment of postulated failure mechanisms and associated evaluation
methods and to generate additional theories regarding possible failure modes
and associated contributors.

Coupon through full-scale component testing was performed to better
understand foam systems and material interactions in the complex bipod
region. This testing confirmed the defect interaction mechanism described
above, and it demonstrated that other postulated foam release mechanisms,
such as cryopumping, were unlikely to have led to major loss of TPS debris
on STS-107.
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13 major test programs and hundreds of tests were completed. Testing
confirmed temperature distributions assumed in thermostructural analyses
and revealed that significant foam loss could only occur as a result of the
interaction of multiple, grossly out-of family manufacturing defects.

Dissection of six bipods revealed manufacturing defects in all six ramps, in
numbers sufficient to statistically support the preceding test observation.

Testing of specimens containing simulated defects showed substantial
loss of strength, confirming that defects could join and form debris
surfaces.

High-energy foam loss mechanisms (cryopumping, cryoingestion, efc.)
could not be demonstrated in the laboratory, even when natural barriers to
those mechanisms were artificially removed.

Variability within the fleet was attributed to natural variations.

Maijor variation: number and distribution (pattern) of defects
Minor variations: loads, environments, eftc.

Analysis of critical areas was updated using state-of-the art analysis tools.

A detailed solid finite element model (FEM) was developed to replicate the
geometry, materials, and environments at the bipod region.

All analyses confirmed assumed interactions of environments and
supported definition of critical areas of the structure.

Independent S&MA assessments were performed for systems in-place on
the External Tank program (Non-Conformances, Failure Modes and Effects
Analysis (FMEA), and Critical Items and Hazards).
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Section 5 Method of Investigation, Board Organization, and/or Special
Circumstances

5.1 Method of Investigation

51.1 General

The origin of the External Tank Working Group was the activation of the MSFC
Space Shuttle Contingency Plan, MSFC-SSCP-5-77, specifically, para. 6.1.1,
Contingency Working Groups: “...Working groups are activated by the SSPO
Manager upon declaration of a contingency. The SSPO Manager works with the
appropriate element project manager to coordinate working group activities...”

The primary focus of the ETWG was causes or issues that might have
contributed to the Columbia accident and those associated with damage to the
left wing of the Orbiter. The secondary focus was causes or issues that are
generically similar to those that might have contributed to the Columbia accident
or which otherwise merit consideration by the Space Shuttle Program (SSP).

A Fault Tree was the primary process driver. Two approaches were used:

A top-down approach, which was used to develop logical fault paths in the
classic FT format. The FT analyses and results are developed in great detail
within this report.

A “cross-cutting” approach, which involved the development of “scenarios,” or
possible chains of events that may or may not be “straight paths” on the FT.
In the latter case, they were called “cut sets.” Scenario development is a
deductive or reverse logic tool where the consequence (top undesirable
event) is developed into a number of root or base events. Partial
scenarios/questions/observations/comments were identified during brain-
storming sessions, interim FT reviews, and manufacturing process document
examinations. These statements were collected in a variety of formats and
transitioned into an archived database with linage to the originator, creation
date, and FT. The identification of the Orbiter left wing debris zone limited the
comments to those involving material release forward of the hydrogen to
intertank flange. Review of these comments showed a combination of unique
circumstances, linked events, and redundant ideas that were subsequently
distilled into 54 separate or associated possible scenarios. Each of these
possible scenarios had reference to specific FT blocks. These linkages are
shown in Volume II, an interactive compact disk of the ETWG FT, and the
scenarios also appear therein as a separate, linked database. The scenario
analysis resulted in the systematic formulation of the causes of TPS debris
loss in STS-107, shown in Section 7.2.1.11, “Conclusions.”

Testing and analysis were used as required to augment the existing database.
Ascent performance data, available through the ET, Orbiter, and Solid Rocket
Booster (SRB), were available to support analyses of the interface branches.
With the exception of the 82-sec foam loss event observed during ascent and
Orbiter Vehicle Engineering (OVE) analyses, very little physical evidence existed
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to support the Debris FT “branches.” This necessitated a “probabilistic’ treatment,
using testing and analysis as required to evaluate the various possibilities for

debris.

FT blocks were categorized as either “Possible” (Probable, Remote, Improbable)
or “Impossible” contributors to damage to the Orbiter left wing. The FT process
methodology is shown in Figure 5.1.1-1. Areas reviewed during the investigation

area are shown in Figure 5.1.1-2.

N
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Figure 5.1.1-1. Fault Tree Process Methodology
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Left Wing Debris Origin Zone Priority Additionally Reviewed Areas
| 1. Bipod Area
+  Ramp Envelope [[] 6. Interfaces Outside of Debris Zone

[ ] 2. Intertank Station 852 to 1129
+ RH Side, Current TPS Vented Region 7. TPS Acreage Spray Areas (TPS Onl

* LH Side, From +Z axis to -Y axis
[ ] * LH2 Tank

I 3.Station 553 to 852 [7 - Intertank
* From +Z axis, 90° to the +Y Side (RH)
*  From +Z axis, 90° to the -Y Side (LH)

4. Nose Cone Spike to Station 553
* Entire Area
] 5._Aft of LH2 I/T Flange to Station 1254

* From +Z, 23° to the +Y Side (RH)
*  From +Z, 90° to the -Y Side (LH)

Figure 5.1.1-2. ET-93 Structure Reviewed during Fault Tree Investigation

5.1.2 Scope of Assessments

In general, data evaluated consisted of the following categories: (Note: Specific
areas were adjusted to be consistent with appropriate data review for the FT
branch assessed.)

System requirements

Design assessments

- Structural materials

- Analyses and verification

STS-107 loads and environments

- Best estimated trajectory (BET) loads

- Flexible body loads

ET-93 build records (supplier, MAF, and KSC processing records)
- Standard Material Specifications (STMs)
- Standard Process Specifications (STPs)
- Manufacturing Process Plans (MPPs)

- Acceptance testing records

- Nonconformance Documents (NCDs)

- In-Process Repair Authorizations (IPRAs)

- KSC Problem Report and Corrective Action (PRACA)/Action Requests
(ARs)
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- Practitioner Interviews

- Previous ET Build histories

Flight Performance Data

- Film and Post Flight Inspections

- All available electrical and propulsion measurements

- Evidence of nominal performance or anomalies

- Interface and structure functional performance

- Any direct or indirect effects on TPS and Orbiter reentry system
- Previous ET Flight histories

STS flight experience, pre-flight predictions/expectations, and post-flight
performance reconstructions

Propulsion performance

Electrical performance

Additional Assessments

- Personnel Training Records

- Inspections and dissections of “sister” External Tanks

51.3 Fault Tree Closure Database

An electronic database was developed to manage the FT block closure process.
A secure web site was established to allow access from local and remote
locations. Electronic routing and approval provided an opportunity to reduce time
significantly and provide an opportunity to share and correlate investigation
results. The electronic investigation database is included as Volume Il of this
report.

Branch closures were performed at the lowest level and the system prompted
approval through electronic notification. Each closed block required each of
NASA, S&MA, and Lockheed Martin Corporation (LMC) approvals, both at the
development level and at the FT management levels. A permanent record of
approvals is recorded in the FT database.

5.2 Board Organization

The investigation effort was organized with multiple teams to allow effective
simultaneous investigation efforts. Team structure is shown in Figure 5.2-1.
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External Tank Working Group

NASA
Logistics { Administration Safety & Mission
Assurance
Data Collection i Control H- Failure Mode Assessment Manufacturing Data Review H-{ Material PropertiesiTesting
Fault Tree HH Engineering Design NDE Assessment H KSC Processing
Performance Data Assessment Testing Coordination L] MAF Processing

Historical Debris Assessment

Figure 5.2-1. ETWG Organization

5.3 Special Circumstances

A Space Shuttle contingency was declared by Mission Control, Houston, as a
result of the loss of communications with the Space Shuttle Columbia as it
descended toward a landing at KSC, Florida, on February 1, 2003.
Communication and tracking of the Shuttle were lost at 9:00 a.m. EST at an
altitude of about 203,000 ft above north central Texas. It was later determined
that the Space Shuttle Columbia and its crew of seven were lost.

At 9:29 a.m. EST, the NASA Headquarters Contingency Action Plan for Space
Operations was activated. Data at all NASA sites and contractors was
impounded at 10:00 a.m. EST, and the Headquarters Action Team was
activated. Contingency plans were executed at ET contractors and suppliers.

5.31 ET-93 Performance until Notification of Mishap

Propellant loading was started at 2:07 a.m. CST on January 16, 2003. Launch
occurred at 9:39 a.m. CST of the same day. All component and compartment
pre-launch temperatures were maintained within acceptable limits. Loading and
flight performance was satisfactory with the exception of TPS debris. Purges and
the ET intertank heater operated properly. There were no ET-related Integration
Control Document (ICD), Launch Commit Criteria (LCC), or Operations and
Maintenance Requirements and Specifications Document (OMRSD) violations
during loading. Liquid hydrogen (LH2) and liquid oxygen (LOZ2) tank ullage
pressures were at predicted levels throughout loading and flight. All ET
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measurement instruments performed satisfactorily. Main Engine Cut Off (MECO)
occurred at approximately 502.6 sec after SRB ignition (T-0), with ET separation
occurring at approximately T+523.8 sec. There was no unacceptable ice/frost
formation reported by the Ice/Frost Team. In-flight video revealed that, at
approximately T+81.7 sec, a piece of TPS debris from the left bipod ramp was
shed and struck the left wing area of the Orbiter.

5.3.1.1 ET-93 History

The original launch of ET-93, STS-116, was delayed because of the discovery of
cracks in Orbiter feedline flowliners. As a result, ET-93 was demated from the
SRBs, and the mission was postponed until after International Space Station
missions STS-112 and STS-113 were completed. The following dates provide
the history of major milestones for ET-93:

DD-250 November 20, 2000
SRB Mate May 8, 2002

SRB Demate August 29, 2002
SRB Mate November 4, 2002
Orbiter Mate November 20, 2002
Rollout December 9, 2002
Launch January 16, 2003

5.3.1.2 ET-93 Loading Summary

Propellant loading was started at 2:07 a.m. CST on January 16, 2003. Two
ground equipment problems delayed start of loading. All loading requirements
were met. There were no ET-related ICD, LCC, or OMRSD violations.

5.3.1.2.1 LH2 Loading Summary

Loading of the LH2 tank was normal. All loading cycle durations were within
previous experience. LH2 chilldown duration was 414.8 sec, near the maximum
of 416 sec for the Light Weight Tank (LWT) since STS-40. Replenish duration
was less than average because of a delay in the start of loading. The delay was
related to two ground equipment problems. Table 5.3.1.2.1-1 summarizes the
loading cycle durations as compared to LWT history since STS-40.

Table 5.3.1.2.1-1. LH2 Loading Cycle Durations

Cycle* ET-93 | Minimum Average | Maximum
Chilldown 414.8 382 397 416
Slow Fill 2386 1437 2509 3524
Fast Fill 2926 2604 2779 3128
Fast Fill Reduced 1444 1127 1569 3412
Topping/Replenish 19,512 17,254 23,500 30,255
Total 26,683 24,462 30,755 37,679

* All cycle durations shown in seconds
The End of Replenish (EOR) absolute ullage pressure was 15.02 psia (versus
14.85 psia nominal). The EOR ET LH2 propellant load was 230,926 Ibm (109 Ibm
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less than nominal), which is —0.05% and well within the requirement of +/-0.40%.
This includes the effect of ET-93 specific LH2 tank volume.

5.3.1.2.2 LO2 Loading Summary

The LO2 replenish flow rate indication (MSID GLOQ2009A) was observed to be
unusually high (approximately 200 gpm versus 130 gpm typical). IPR 107V-113
was taken as a result. If this measurement were inaccurate, it would have
resulted in erroneously terminating Slow Fill up to 15 sec early (OMRSD
SO00FDO0.073). The replenish flow rate was within historical limits throughout
loading (in particular during Replenish) showing that such indications have
occurred in the past. Slow Fill duration was 28 sec shorter than average for LWT
since STS-40 but was 32 sec longer than the minimum LWT Slow Fill (STS-94).
The concern is that initiating Fast Fill early may cause thermal shock to the LO2
tank vortex baffle. Examination of the original derivation of the 11-min timer for
Slow Fill (MMC-3527-83-0018) showed that there is 54 sec of margin. It was
concluded, therefore, that the Slow Fill duration was satisfactory and loading
proceeded.

The LO2 tank vent valve actuation pressure (MSIDs GLOP4015A, GLOP4515A)
exceeded the 800-psig maximum OMRSD limit (SOOGEN.760) during replenish.
The exceedence was related to a creeping of the 750-psig gaseous helium
(GHe) regulator (S72-0697-01 facility GHe supply panel) that supplies the LO2
tank and LH2 tank vent valve actuation systems and the Ground Umbilical
Carrier Plate (GUCP) cavity purge system. IPR 107V-115 was taken as a result.
The regulator setting drifted because of ambient temperature changes and is not
an uncommon occurrence. The maximum pressure observed was 816 psig. The
concern is to maintain operation within the certified OMRSD valve timing limits.
The ET Project approved a maximum pressure of 850 psig via waiver EK10320
based on the valve proof pressure of 1300 psig and minimal impact to leakage
and valve timing during replenish. Both vent valves remain open throughout
replenish, so valve timing issues are not an issue. Timing is also not an issue
when the valves are closed before prepressurization.

Replenish duration was less than average because of a delay in the start of
loading. The delay was related to two ground equipment problems.

Loading of the LO2 tank was otherwise normal. Geyser prevention procedures
provided significant temperature margins throughout the vehicle LO2 feed
system. The performance of the anti-geyser system is shown in Figures
5.3.1.2.2-1 and 5.3.1.2.2-2, which show the helium inject supply pressure and
delta pressure data. Table 5.3.1.2.2-1 summarizes the loading cycle durations as
compared to LWT history since STS-40.

Table 5.3.1.2.2-1. LO2 Loading Cycle Durations

Cycle* ET-93 Minimum Average | Maximum
Chilldown 1467 1439 1578 1706
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Slow Fill 676 644 704 815
Fast Fill 7229 6928 7225 7805
Topping/Replenish | 16,782 14,617 20,714 27,977
Total 26,154 23,972 30,272 37,225

* All cycle durations shown in seconds

The EOR absolute ullage pressure was 15.49 psia (versus 15.26 psia nominal).
The EOR ET LO2 propellant load was 1,382,980 Ibm (990 Ibm less than
nominal), which is —0.07% and well within the requirement of +/-0.29%. This
includes the effect of ET-93 specific LO2 tank volume.
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Figure 5.3.1.2.2-1. ET LO2 Helium Inject Supply Pressure
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Figure 5.3.1.2.2-2. ET LO2 Helium Inject Delta Pressure

5.3.1.2.3 Thermal Assessment

There were no LCC violations on any of the ET thermal systems. Pre-launch
compartment purge flow rate for the nose cone was within the ICD requirements.
All electrical heater on/off timelines were met, as were power requirements for
the forward bipod and facility purge heaters. All component and compartment
pre-launch temperatures were satisfactorily maintained.

In discussions concerning compartment temperatures (Sections 5.3.1.2.3.1 and
5.3.1.2.3.2 below), there is a distinction made between basic redline limits in the
text and measurement limits as denoted in the figures. Measurement limits allow
for instrumentation and systems errors to protect against exceedance of the
basic redline limits.

5.3.1.2.3.1 Nose Cone Compartment Purge

A heated gaseous nitrogen (GN2) purge is used to maintain a dry, thermally
controlled environment inside the ET nose cone during pre-launch operations.
This purge is initiated 30 minutes before chilldown and is terminated within the
time period of T-3 min and T-70 sec. Temperatures inside the nose cone are
controlled, using feedback from the primary or secondary temperature probe
(MSID T41T1820H or T41T1821H) mounted inside the nose cone, by a controller
that regulates power to the facility heater. Set point for the nose cone
temperature control is 60°F throughout the entire operation.
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Maximum and minimum basic redline limits for the nose cone gas temperatures
are 140 °F and 0 °F. There is an allowance, per the LCC, for a minimum basic
redline limit temperature down to 0 °F for low relative humidity conditions
(protected by a 5-°F LCC redline limit). This allowance is in consideration of the
low probability of ice/frost forming at the nose cone vent exit during low humidity
conditions. There is also an OMRSD maximum temperature limit of 350 °F
identified for the purge gas exiting the heater: MSID GLOT4104A (primary) or
GLOT4604A (secondary).

Pre-launch measured nose cone gas temperatures are shown in Figure
5.3.1.2.3.1-1. Corresponding temperatures for the nose cone purge heater outlet
are presented in Figure 5.3.1.2.3.1-2. Data in both figures are typical in that an
increased demand on the nose cone purge heater is shown as the LO2 loading
progressed. There were no LCC or OMRSD temperature violations for either the
heater outlet or the nose cone compartment.

Figure 5.3.1.2.3.1-3 shows that the measured nose cone purge flow rate was
within the ICD requirement of 9 to16 Ibm/min, as it has been since KSC installed
critical flow nozzles to limit flow rate (STS-55 on Pad A and STS-51 on Pad B).
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FIGURE 5.3.1.2.3.1=1 NOSE CONE GAS TEMPERATURE

Figure 5.3.1.2.3.1-1. Nose Cone Gas Temperature
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5.3.1.2.3.2 Intertank Compartment Purge

A heated GN2 purge is used to maintain a dry, thermally controlled environment
inside the ET intertank during pre-launch operations. This purge is initiated
30 min before chilldown and is terminated within the time period of T-3 min and
T-70 sec. Temperatures inside the intertank are controlled by either using the
feedback from the primary or secondary temperature probe (MSID T41T1810H
or T41T1811H) or the feedback from the primary or secondary heater outlet
temperature probe (MSID GLHT5736A or GLHT5737A), which regulates power
to the facility heater. The first set of probes is mounted in the intertank, whereas
the sec set of probes is located downstream of the heater. Normally, the intertank
temperature is controlled based on the output from the intertank sensors with a
set point of about 65 °F throughout the propellant loading operation. The set
point is subsequently changed to about 56 °F before T-1 hr and is maintained
there. During the chilldown and loading phase, the maximum and minimum
OMRSD limits for the intertank gas temperatures are 103 °F and 37 °F,
respectively. Between T-1 hr and T-3 min, the LCC defines the basic redline
limits for the intertank gas temperature as 87 °F maximum and 32 °F minimum
with an allowance for maximum and minimum redline exceedances of up to 5
min and 15 min, respectively. The ICD limit for the intertank purge is 350 °F.
Measured temperatures of the purge gas exiting the heater, MSID GLHT5736A
(primary) or GLHT5737A (secondary), and an analytically derived temperature
drop of 6 to 8 °F between the heater outlet and the interface are used for ICD
limit verification.

Typically, the gas in the intertank is cooled when either of the tanks is being
loaded. The presence of LO2 in the aft dome of the LO2 tank and/or the
presence of LH2 in the LH2 tank causes the thermostatically controlled heaters
on the launch stand to increase the heater output. In practice, the heater set
point is usually lowered when both tanks are in stable replenish, which is much
earlier than the 1 hr before launch as required by the LCC.

Pre-launch measured intertank gas temperatures are shown in Figure
5.3.1.2.3.2-1. Corresponding temperatures for the intertank purge heater outlet
are presented in Figure 5.3.1.2.3.2-2. The heater outlet temperatures were
slightly lower than normal because of the lower demand on the heater that
resulted from increased foam coverage on the aft dome of the LO2 tank. The
intertank compartment temperatures were in the normal range. Both data traces
are typical, showing increased demand on the purge heater as the loading
progressed. These data show no LCC, OMRSD, or ICD temperature violations
for either the intertank compartment or the heater outlet.

Figure 5.3.1.2.3.2-3 shows the GN2 mass flow rate versus time calculated from
the intertank venturi pressure data, which indicated fluctuations in flow rate from

approximately 133 Ibm/min early in the countdown to an average of 119 Ibm/min
at the completion of loading. The minimum ICD purge flow limit of 103 lbm/min
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was established to prevent air intrusion through the intertank vent areas for a
worst-case wind scenario: 47 kts peak wind from 345 deg. Actual peak wind gust
velocity during loading and launch was 10 kts from approximately 330 deg as
indicated by looking at data from both camera sites 3 and 6. An ICD revision
(Interface Revision Notice 0702), which was approved by Level Il on September
17, 1992, changed the acceptable flow limits on the purge flow rate to 103 and
158 Ibm/min based on an updated analysis. Additionally, effective on STS-73 the
facility side of the intertank purge system was modified to provide a trickle purge
to reduce the likelihood of intertank air intrusion problems in the event of a hold
at T-31 sec.

All objectives of the intertank purge were met; temperatures inside the intertank
compartment were maintained within accepted limits; all the components within
the intertank performed satisfactorily; and pressure decay and separation
pressures were as expected.
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FIGURE 5.3.1.2.3.2—-1 INTERTANK GAS TEMPERATURE

Figure 5.3.1.2.3.2-1. Intertank Gas Temperature
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Figure 5.3.1.2.3.2-2. Intertank Purge Heater Outlet Temperature
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Figure 5.3.1.2.3.2-3. Intertank Purge Flowrate

5.3.1.2.3.3. Anti-Icing Pressline Purge
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Heated helium is used to purge the gaseous hydrogen (GH2) and gaseous
oxygen (GO2) pressurization lines until just before prepressurization. This
requirement was implemented to eliminate the potential for ice/frost forming on
the pressurization line at the slide mount bracket locations. Interface temperature
of the helium supply is controlled within the acceptable OMRSD range of 245
115 °F; interface temperature data are monitored throughout the pre-launch
operations (MSID GLHT4577A). Helium anti-icing purge flow rates through the
GH2 and GO2 pressurization lines are controlled by the facility to comply with the
ICD values of 0.30 £0.06 Ibm/min and 0.45 +£0.09 Ibm/min, respectively.

Heater outlet temperature data for the anti-icing purge flow are presented in
Figure 5.3.1.2.3.3-1. These data are shown in comparison with the OMRSD limits
with select loading events identified on the time scale and indicate that, except
for the shutdown transient, the anti-icing purge supply temperature was within
specified OMRSD requirements throughout the pre-launch operations.
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Figure 5.3.1.2.3.3-1. Anti-Icing Pressline Purge

5.3.1.2.3.4 Bipod Heaters

Calrod heaters are used in each of the bipod fittings to limit ice/frost formation on
the bipod spindle to less than 6 sq. in. each. Control must be exercised to not
turn the heaters on before the cryogen reaches the bipod location (to prevent
overheating of the fitting and the surrounding TPS) and to turn them on in a
timely manner after the cryogen has reached the bipod location (to prevent the
formation of unacceptable ice). For this reason, the bipod heaters are to be
turned on from 4 to 5 min after the 98% liquid level sensors are wet. This timeline
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was developed from a series of bench tests at MAF and from the bipod spindle
temperature data during LH2 loadings on ETs 14 through17; effective on ET-18
(flown on STS-51D), the bipod spindle temperature sensors were deleted.

The health of the bipod heater system is monitored during pre-launch operations
using displays that record source voltage and current. Special programs are used
to correct heater voltages based on cable/heater simulated tests and to display
the wattage of each heater. Limits for each recorded and calculated data stream
are unique to each launch pad. Details of the instrumentation and limits for the
launch pad are presented in Table 5.3.1.2.3.4-1. All values were within the
required limits and no anomalous conditions were reported. The bipod heaters
were turned on within the time limits prescribed in the OMRSD, and they
remained on until the umbilicals were dead-faced at T-31 sec.

Table 5.3.1.2.3.4-1. Bipod Heater Standard Configuration HOSC Display

PAD A -Left Bipod -3.5 Vac

Right Bipod -3.5 Vac

PAD A LOW LOW HIGH
REDLINE | WARNING | WARNIN

VOLTAGE

G56V1115A (LFT) 86.0 87.0 90